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Impedance nanopore biosensor: influence of pore
dimensions on biosensing performance

Krishna Kant,ac Jingxian Yu,b Craig Priest,d Joe G. Shaptera and Dusan Losic*c

Knowledge about electrochemical and electrical properties of nanopore structures and the influence of

pore dimensions on these properties is important for the development of nanopore biosensing devices.

The aim of this study was to explore the influence of nanopore dimensions (diameter and length) on

biosensing performance using non-faradic electrochemical impedance spectroscopy (EIS). Nanoporous

alumina membranes (NPAMs) prepared by self-ordered electrochemical anodization of aluminium were

used as model nanopore sensing platforms. NPAMs with different pore diameters (25–65 nm) and

lengths (4–18 mm) were prepared and the internal pore surface chemistry was modified by covalently

attaching streptavidin and biotin. The performance of this antibody nanopore biosensing platform was

evaluated using various concentrations of biotin as a model analyte. EIS measurements of pore resistivity

and conductivity were carried out for pores with different diameters and lengths. The results showed

that smaller pore dimensions of 25 nm and pore lengths up to 10 mm provide better biosensing

performance.
1 Introduction

Integration of biomolecules into nanopores and nanochannels
has attracted considerable attention due to the high surface area
of the pores and similarity with nanopores in biological systems
meaning there is the potential for new and advanced biosensing
devices.1–3 In these studies specic recognition molecules have
been functionalized inside single or nanopore arrays for various
applications including molecular or ionic gates, single molecule
detection, and biosensing of enzymes DNA and antibodies.4,5

Development of nanochannel or nanopore array biosensing
devices has proven to be an excellent approach toward the
development of simple, inexpensive and highly sensitive
biomolecule detection. The sensitivity, low cost, simplicity, and
easy miniaturization of electrochemical detection is particularly
suited to the development of highly sensitive nanopore based
biosensors. However, to improve and optimize the performance
of nanopore biosensors, it is essential to understand the elec-
trical and electrochemical properties of the nanopores, the
dependence of these properties on nanopore dimensions, the
diffusion andmolecular transport of analytemolecules inside the
nanopores, and their physical and chemical interactions. In
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particular, their interactions and specic binding with the
immobilized probe conned in a nanoscale volume are critical
parameters which determine the performance of biosensing
devices, e.g. sensitivity, response time and detection limit.6,7

Surprisingly there are only few electrochemical studies on
nanopores that address these questions.8,9

Electrochemical impedance spectroscopy (EIS) is a powerful
method for analysing the complex electrochemical properties of a
system and possible changes of its bulk properties. Therefore, it
has been widely used for characterization of charge transport
across nanopores in membranes and membrane/solution inter-
faces.10,11 EIS is also very powerful and sensitive for the detection of
antigen–antibody binding inside nanopores.12,13 Impedance bio-
sensing can be performed using both faradaic and non-faradaic
processes. In faradaic processes charge is owing across the
interface of the sensing material; however in the case of non-
faradic sensing, current ows without charge transfer through the
interface material. The main disadvantage of the faradic process is
that it requires a redox species to enhance the signal of the electron
transfer. On the other hand, there are no additional requirements
of a redox species or signal enhancer for non-faradaic EIS. Hence,
in the eld of nanopore biosensors the non-faradic EIS is partic-
ularly well-suited for the detection of binding events inside
nanopores and is recognized as the simpler method.2,14

Nanoporous alumina membranes (NPAMs) prepared by
electrochemical anodization process have been very attractive
for development of nanopore biosensing devices, due to their
uniform pore size, high aspect ratio, high surface area and
straight-forward and inexpensive fabrication.15 It has been
demonstrated that the electron transfer resistance will decrease
This journal is © The Royal Society of Chemistry 2014
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and the conductance will increase as a result of a binding
reaction inside the pores of NPAM.16,17 However, the binding
reaction of the antigen at the antibody-immobilized surface is
oen insufficient to produce a large signal change for imped-
ance measurements that are largely dependent of nanopore
dimensions and the density of immobilized probes inside
nanopores.18–20 Previous studies demonstrated that the trans-
port of ions or molecules passing through bio-functionalized
nanopores is affected by steric and electrostatic effects.21–23 The
electrostatic effect is a long-range effect caused by the interac-
tion between surface-immobilized charged molecules and the
transporting ions.8,16,23 This transport is shown to be dependent
on pore size and number of pores and can be changed by the
surface charge or ionic strength of the bulk solution, which can
also change ion transport inside the nanopores.5,24,25 These
studies clearly demonstrate the need for a detailed investigation
of the inuence of nanopore dimensions on their electro-
chemical properties and biosensing performance.

Herein the EIS electrochemical method was used to study the
effect of nanopore diameters and length on the performance a
label-free nanopore biosensor. The NPAM was used as sensing
nanopore platform and biotin–streptavidin detection was used
as a model of immune assay biosensor. The aim was to
demonstrate the application of a NPAM array as simple, low cost
and label-free electrochemical biosensing platform for detec-
tion of biomolecules based on affinity binding reactions. The
scheme of the proposed biosensing device and the experimental
setup is shown in Fig 1. The NPAM sensing platforms with
different diameters and length of the nanopores were prepared
to characterize their electrochemical properties and biosensing
performance using various concentrations of analytes.6,26,27 The
surface inside the pores was functionalized by phosphonic acid
and NHS–EDC chemistry, followed by the covalent attachment
of antibody molecules, which were used as a binding surface for
the selective capture of antigen molecules, i.e. biotin.28 The
NPAM sensing platform with a reduced number of nanopores
and working area of 20 � 20 mm2 was prepared by photoli-
thography in order to miniaturize the device. A four electrode
cell was used to characterize the change in properties of the
Fig. 1 A schematic of experimental setup (a) fabricated nano porous
alumina membrane (NPAM) (b) NPAM after photolithography with a 20
� 20 mm2 opening (c) NPAM modified with streptavidin as sensing
platform (d) NPAM placed in EIS cell for impedance characterization.

This journal is © The Royal Society of Chemistry 2014
nanopore array using EIS technique for different pore diameter
and length.

2 Experimental
2.1. Preparation of nanoporous alumina membranes
(NPAM)

Nanoporous alumina membranes (NPAMs) were prepared by a
two-step anodization process using 0.3 M oxalic acid as the
electrolyte at 0 �C as described elsewhere.9,29 The rst anodized
porous layer was prepared at a voltage of 60 to 80 V for 5 min,
and then removed using an oxide removal solution (0.2 M
chromium trioxide and 0.4 M phosphoric acid) for 1–2 hours at
60 �C. The second anodization was carried out in a range of 30 V
to 70 V to achieve different pore diameters. Mild anodization at
30 V was used to get small pore diameters of 25 � 5 nm while
hard anodization at 70 V for large pore diameters of 65 � 5 nm.
The pore length in a NAPM is controlled by the time duration of
anodization. For mild anodization at 30 V and 180min was used
to achieve pore length about 4–5 mm. However for hard anod-
ization at 70 V it took only 20 min to grow 4–5 mm long pores.

To prepare NPAMs with different thicknesses or lengths of
small diameter pores the anodization time was varied from 180
min to 720 min at 30 V. Once the anodization completed the
remaining aluminium was removed from the backside of
the nanopore array to reveal a clear and clean barrier layer of the
nanopore array by using CuCl2/HCl. The removal of barrier layer
from the pore structures was performed by using the 10%
phosphoric acid for 2 hours.

2.2. Photolithography on NPAM

The fabricated NPAM was patterned on the back side with
photoresist using photolithography to prepare a 20 mm � 20 mm
area with the opened nanopore array. The photoresist (AZ1518)
was spin-coated (1500 rpm) over the bottom side of NPAM
(barrier layer) and followed by baking of the sample at 100 �C for
50 s. A photo-mask (chrome-on-glass mask, Bandwidth Foundry)
with a 20 mm diameter transparent region was used to mask the
sample with exposure of 330 mJ m�2. The exposed photoresist
was then removed by solvent. In this way an opening of a 20 mm
square on the NPAM from bottom side was obtained.

2.3. Functionalization of NPAM nanopores with streptavidin

Surface modication of NPAM nanopore array was performed
by soaking in an aqueous solution of 5 mM 2-carboxyethyl
phosphonic acid for 72 hours at room temperature. The
samples were rinsed with a sufficient amount of DI water and
then dried under a slow purge of nitrogen. The top and bottom
surfaces of the nanopore array were exposed to air plasma
etching for 30 seconds, using a plasma cleaner (Diener, Ger-
many). Aer exposing the nanopore array to plasma etching, the
samples were le in DI water for 24 hours at room temperature
for pore wetting. Aer pore wetting the nanopore array was
soaked in N-hydroxysuccinimide (NHS) 15 mg mL�1 in PBS and
1-ethyl-3-(3-dimethylaminopropyl) carbodimide (EDC) 20 mg
mL�1 in PBS buffer solution for 30 min at room temperature,
Analyst, 2014, 139, 1134–1140 | 1135

http://dx.doi.org/10.1039/c3an01933k


Analyst Paper

Pu
bl

is
he

d 
on

 0
6 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 N

or
th

ea
st

er
n 

U
ni

ve
rs

ity
 o

n 
27

/1
0/

20
14

 0
9:

59
:1

6.
 

View Article Online
followed by rinsing with plenty of DI water. Subsequently the
samples were soaked in streptavidin solution of 100 mg mL�1

concentration in PBS for 30 min at room temperature to func-
tionalize the nanopores. The samples of prepared NPAM bio-
sensing platform were nally washed in copious amounts of DI
water andmounted in the electrode cell for EIS study of reaction
with different concentration of biotin. The biotin stock solution
of 50 mg mL�1 was prepared and used to make required
concentrations (0.2 mM to 29 mM) by dilution. The prepared
biotin solution were injected with the same volume on the
streptavidin functionalized NPAM sensor and le for the reac-
tion time of 15 min to complete binding reaction followed by
washing with DI water and EIS measurements.
2.4. Electrochemical measurements

Electrochemical measurements were carried out in using an EIS
spectrometer, (Inphaze Pty. Ltd. Sydney, Australia) with a four-
electrode system which is specically designed for EIS charac-
terization of NPAM.30 Two gold foils formed the working and
counter electrodes with two Ag/AgCl as reference electrodes.
The nanoporous array was sandwiched between two cell
chambers lled with the buffer solution in contact with refer-
ence electrodes on each side. The working and counter elec-
trodes were respectively placed at the end of two chambers (Fig
1). An equivalent circuit (Fig. 5) is used to balance the resistance
and capacitance for the entire system and monitor the behavior
of nanoporous arrays and changes on their surface. Since the
streptavidin molecules can be negatively or positively charged
depending on environment, an electric double layer is expected
to be present at the streptavidin-solution interface. An imped-
ance contribution from this interface is represented as a parallel
RC element (RFn and CFn), and commonly introduced in series
with the nanopore resistence.31,32 Here, Rsol is resistance of the
electrolyte solution, Rp and Cp are the total contribution of
resistance and capacitance of alumina membranes and free
nanopores, RFn and CFn are the resistance and capacitance of
the electric double layer formed at interface between the protein
molecules and the solution. This simplied electrical model
provides the best t to our measurements. Particularly, a similar
equivalent circuit is adopted to investigate glass nanopores in
aqueous solutions.33 This model assumes that there is no
impedance contribution made from the limited diffusion of the
ions. In practice, such contribution does exist but mainly
inuences the impedance characteristics within a very low
frequency range.13,34 However, for our purposes the proposed
model is sufficient, as we are able to extract the relevant model
parameters, such as Rp, RFn, which are not affected by the
limited diffusion. The resistance of the area of membrane,
which is covered with photoresist, is so high that it does not
appear in the equivalent circuit model presented. Theoretically
the pore resistance Rp can be calculated as:

Rp ¼ 4L

psd2

where Rp is pore resistance, L is length of the pore and d is the
diameter of the pore.35 As we increase the diameter of the pore
1136 | Analyst, 2014, 139, 1134–1140
the value of pore resistance reduces but at the same time it
increase if we vary the length of the nanopore array. The biotin
solutions of 0.2–29 mM concentrations in buffer 7.4 pH were
tested in a series of experiments to explore their binding with
functionalized streptavidin molecules inside the NPAM arrays.
The electrochemical impedance measurements were acquired
for each biotin concentration separately in the frequency range
from 1 Hz to 1 MHz. A minimum of 3 spectra was taken for each
concentration of the biotin and 3–4 samples was used.

3 Results and discussion

The morphological change in NPAM leads to change in the
sensing capability of biosensing device. To optimize these
parameters a number of experiments with different morphol-
ogies were undertaken and are discussed in the following
section.

3.1. SEM characterization of fabricated NPAMs

SEM images of the top surface of the prepared NPAM sensing
platform with different pore diameter are presented in Fig 2(a)–
(d). The images conrm the successful preparation of well-
ordered nanopores with a diameter of 25� 2 nm, 45� 2 nm and
65� 2 nm depending on the anodization conditions. To achieve
three different pore diameters at constant pore length the
anodization potential was tuned between 30–70 V with the
anodization time varied from 20–180 min.

It is well known that pore diameter is determined by applied
voltage during anodization and that the porosity (P) of the
NPAM can be estimated assuming an ideal hexagonal arrange-
ment of the pores;

P ¼
�

p

2O3

��
Dp

Dint

�2

where Dp and Dint are pore diameter and the inter-pore distance
respectively.36 A typical cross-sectional structure of the prepared
NPAM is shown in Fig 2(d), with the inset gure (scale bar
100 nm) showing well-ordered and aligned pores through the
full thickness of the membrane. The pore length was calibrated
against anodization time (2–10 h) for the 25 nm diameter pores,
to allow the NPAM pore length, which is equal to the thickness
of the NPAM, to be tuned. In Fig 2(e), the calibration data is
plotted for four different pore lengths from 5 mm to 20 mm at
constant anodization potential 40 V.26,37 The linear t to the
calibration data is very good, providing excellent control over
the pore length for this study.

3.2. Surface modication and characterization of NPAMs

FTIR spectra of control NPAM and modied NPAM with phos-
phonic acid (PHA) are shown in Fig 2(f). The results show
evidence of surface modication of NPAM by immobilization of
biosensing molecules inside the nanopores. The peaks
observed at 1450 cm�1 and 1485 to 1580 cm�1 are associated
with available (COO�) group which will lead to further bonding
of protein molecules. The peaks at 2500 cm�1 to 2650 cm�1

show the presence of P–OH and P–H bonding and the peaks at
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images of the top surface of NPAM used as nanopore
sensing with different pore diameters (a) small pore around 25 � 2 nm
(b) medium size pore around 45 � 2 nm (c) large pore around 65 + 2
nm, which are prepared in 0.3 M oxalic acid electrolyte using different
anodization voltages 30–70 V and times from 20 to 180min to achieve
the same pore length (d) cross section SEM images of NPAM with
magnified view of nanopores (100 nm scale) (e) calibration graph
showing fabrication of NPAM with the different pore length using
anodization time from 3–12 hours (f) FTIR spectra of NPAM before and
after the first step of surface modification with phosphonic acid.

Fig. 3 Schematic of surface modification of NPAM nanopores to
demonstrate functionalization of only internal pore structures and the
clean top surface obtained using an air plasma process. A fluorescent
labelled albumin bovine serum BSA-FITS are used as a model mole-
cule. (a) NPAM surface modification with phosphonic acid and cova-
lently attached BSA-FITS followed by air plasma treatment. (b)
Fluorescent image of NPAM before and (c) after plasma treatment (d)
cross section image of NPAM which proof that surface modification is
still inside the pores after air plasma treatment.
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3650 to 3750 cm�1 represent the free OH groups available at the
surface of the NPAM.38

To achieve selective immobilization of the probe biomolecule
(streptavidin) inside the nanopores, we developed a surface
functionalization procedure, which involves modication of
NPAM with phosphonic acid (PHA), activation of COOH with
N-hydroxysuccinimide–1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (NHS–EDC) and covalent binding of streptavidin–biotin.
The most critical part of this process was to ensure that biologi-
cally active probes were exclusively inside the nanopores, i.e. that
the top (outer) surface of the NPAM was unmodied. Therefore,
we used air plasma to clean the outer surface before and aer
NHS–EDC activation. This process is schematically represented in
Fig 3a. To demonstrate that functional groups remain only inside
the nanopores, uorescence images of the top (outer) surface and
the cross-section of the NPAM were collected aer treatment with
BSA-FITC and plasma, see uorescence image from the top
surface (Fig 3b) before plasma treatment clearly shows the bright
uorescence of the BSA-FITC image, conrming the presence of
This journal is © The Royal Society of Chemistry 2014
BSA on the top surface. The image in Fig 3c is the same top
surface aer plasma treatment and shows negligible uorescence
intensity, conrming that the removal of active biomolecules
from the top surface of the NPAM was successful. Furthermore,
the cross-section image of the NPAM (Fig 3d) clearly shows that
the uorescence signal remains inside nanopores, demonstrating
that our method can achieve a highly selective surface modi-
cation inside the nanopores. The amino groups aer NHS–EDC
modication are active inside the nanopores for binding of
streptavidin molecules and, therefore, the approach is suited to
the preparation of a nanopore biosensing device.
3.3. EIS measurements of NPAM biosensor

In order to characterize the label-free sensing performance of
these NPAM biosensors and optimization of the nanopore
dimensions for sensing protein molecules, a series of electro-
chemical impedance measurements were carried out. In the
rst set of experiments, NPAM biosensors with three different
average pore diameters (25, 45, and 65 nm) were characterized
using biotin analytes with concentrations from 0.2 mM to 29 mM.
The collected impedance (Z) data as a Nyquist plot for the
different pore diameters using a xed concentration of biotin
(0.2 mM) are shown in Fig. 4(a) to reveal the frequency depen-
dence on the pore diameter. The graphs show that Z decreased
with increasing NPAM pore size.

To estimate the pore resistance, we modelled the experi-
mental system using EvolCRT soware39 (developed by
Department of Chemistry, Wuhan University, China) according
to the equivalent circuit (Fig. 5a inset). The simulation of the
data was done using the following equation:

F ¼ 1

N

Xm
i¼1

��
~Z
0
i � Z0

i

�2

þ
�
~Z
00
i � Z00

i

�2
�

where Z 0
i and Z 0 0

i are the experimental values of the real part and
the imaginary part of the electrochemical impedance at a given
frequency fi. Similarly ~Z 0

i and ~Z 0 0
i are the corresponding tting
Analyst, 2014, 139, 1134–1140 | 1137
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Fig. 4 (a) Nyquist plot obtained for NPAM biosensors with different
pore diameters of NPAM and (b) different pore length at constant pore
diameter and their response using constant biotin concentration
(0.2 mM).

Fig. 5 (a) A plot showing relation between the pore diameter and
biotin concentration and their influence on the nanopore resistance
Rp. The proposed equivalent circuit (inset) used for the simulation of
experimental data is presented. (b) Calibration graph showing changes
of pore resistance DRwith biotin concentration using NPAM biosensor
with different pore diameter.
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values. Here m is the number of input frequencies, i.e. the
number of data points. The extracted parameters of the
proposed equivalent circuit are as follow in table 1:

The best t for the pore resistance (Rp) was obtained from
these simulations at several concentrations of biotin and three
different pore diameters. The experimental data was simulated
against the equivalent circuit to determine the exact value for the
pore resistance. The Rp is a key parameter related to changes
inside the nanopore because the active binding sites for the
Table 1 The extracted value for all the components of equivalent
circuit for different nanopore diameter and length

Rsol (U) Rp (U) RFn (U) Cp (F) CFn (F)

Pore diameter (nm)
65 5.87 � 102 3.07 � 103 1.81 � 103 1.54 � 10�9 6.68 � 10�9

45 6.35 � 102 5.35 � 103 5.43 � 103 3.29 � 10�9 6.10 � 10�8

25 6.02 � 102 6.16 � 103 1.8 � 104 3.68 � 10�9 2.47 � 10�9

Pore length (mm)
4.5 6.46 � 102 6.41 � 103 1.79 � 104 4.50 � 10�9 4.43 � 10�7

9 6.39 � 102 7.54 � 103 2.26 � 104 1.58 � 10�8 9.86 � 10�8

13.5 6.79 � 102 8.25 � 103 2.98 � 104 3.53 � 10�9 1.97 � 10�7

18 6.94 � 102 1.61 � 104 3.34 � 104 4.47 � 10�9 1.70 � 10�6

1138 | Analyst, 2014, 139, 1134–1140
analyte are only available inside the nanopore. The values for Rp
obtained aer simulation with equivalent circuit and plotted in
Fig. 5a, showing the inuence of pore diameter and biotin
concentration onRp. At the lowest concentration of biotin 0.2 mM,
the pore resistance decreases from 6.1� 103 to 2.8� 103 U when
the pore diameter is increased from 25 to 65 nm showing better
sensitivity using NPAM platform with smaller nanopores.

To explain observed behaviour it is important to consider
other parameters including not only pore diameters but also the
size and charge of analyte molecules and charge of immobilized
molecules inside nanopores (streptavidin). The molecular size
of streptavidin tetramer is about 4–5 nm and it is immobilized
as a monolayer inside pores, and its molecular size increased
around 6–8 nm aer the binding of biotin. This binding reac-
tion causes a signicant change of surface charge and
conductivity of formed streptavidin–biotin complex and
consequently pore resistance, which is used as a parameter for
impedance biosensing. These resistance/conductivity changes
from binding reaction inside smaller nanopore (<25 nm) are
more signicant because charged analyte molecules are very
close to each other and more sensitive to AC oscillation of ions
inside the nanopore compared to large nanopores. In the case
of large pore diameter (65 nm) the intermolecular interaction as
result of binding of analyte molecules (biotin) is less inuential
and the impedance measurement is dominated by the bulk
properties of the solution (as there is enough space inside the
pores) and small changes in impedance due to effects at the
walls of the nanopores become insignicant. So it can be
concluded that the molecular size of biotin and streptavidin
don't have signicant effect for larger pore diameters. This type
of nanopore biosensing concept based on changing conduc-
tivity without of the use of pore blocking mechanism is previ-
ously demonstrated for impedance biosensing of DNA
hybridization.28,40 For this type of nanopore biosensors having
the smaller pores is benecial because the inuence of the
surface effects is greater and the signal is affected signicantly
(lesser area available for bulk solution) as reported in previous
studies.41,42 However, there is limitation, if the pore diameters
are reduced below 10 nm we may observe high pore resistance
due to the limited transport of biomolecules inside the nano-
pores, which could block nanopores at some point of
concentration.

The resistivity change DR ¼ R0 � Rx is presented as a bio-
sensing signal where R0 is value taken with pore resistance at
zero biotin concentration and Rx taken for pore resistance on
each biotin concentration (Fig. 5b). It was observed that the
increase in DR value is linear at lower concentration range and
at concentrations over 10 mM the graph tends to reach satura-
tion phase. Interestingly this behaviour is observed for both
small and large nanopores and it is not inuenced by the pore
diameters. This result suggests that saturation signal is related
to the surface reaction and binding all available streptavidin
molecules (Fig. 5b).

Since it was found that the smaller pore diameter provides
greater sensitivity and performance, we used the NPAM plat-
form with 25 nm pore diameters to study the inuence of pore
length on electrochemical signal and biosensing performance.
This journal is © The Royal Society of Chemistry 2014
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For that purpose we fabricated NPAM biosensing platforms
with different pore lengths (4.5 mm, 9 mm, 13.5 mm and 18 mm)
and carried out a series of EIS measurements at different
concentrations of biotin. The Nyquist plot was generated from a
constant concentration of biotin (0.2 mM) as shown on Fig. 4b.
The graph shows the trend of increasing impedance over the
range of frequencies with respect to increasing pore length.
Further measurements were performed by simulating the
experimental data with the proposed equivalent circuit to nd
value of Rp for various length of NPAM (Fig. 6a). It was found
that the Rp changed from 3 � 104 to 10.5 � 104 U as length of
NPAM increased from 4.5 mm to 18 mm. The graph clearly shows
the increase in the pore resistance with increasing the pore
length. The characteristic saturation in signal was observed at
higher concentration of biotin (near 15 mM) showing the upper
limit of detection for biotin.

At lower concentration range a linear response (R2 ¼ 0.96)
from 0.2 to 10 mM was determined (Fig. 6b). It was found that
increasing pore length beyond 10–15 mm did not provide linear
responses. Longer nanopores showed higher resistances, hence
small changes inside the nanopores were not detectable, as the
pore impedance was dominated by NPAM resistance. Increasing
nanopore length to more than 10 to 15 mm does not seem too
good for such type of biosensing detection as the longer pore
lengths mean long for diffusion times of the analyte molecules
and hence high resistance for the system.

It was observed that pore resistance is a key factor to be
considered in the optimization of biosensing performance of
EIS nanopore based devices. In our case the pore resistance at
lower concentration (0.2–10 mM) showed linear relationship
(R2 ¼ 0.96) with concentration change. The detection limit for
biotin concentration using this system was 0.2 mM. However we
believe lower concentrations can be detected by lowering
nanopore diameters (<25 nm). Nanopores with a diameter
below 20 nm are difficult to make using the anodization
conditions used in our experiments (oxalic acid), but the use of
other electrolytes (sulphuric acid) can produce such pores.
However, there is limitation that these smaller nanopores with a
diameter between 5–10 nmmay not perform well as non-faradic
Fig. 6 (a) Graph showing changes of pore resistance DR of NPAM
biosensor with biotin concentration at different pore length (b) a
calibration plot for different pore length of NPAM biosensor at lower
concentration (0.2–5.8 mM) of biotin show the significant linearity
between actual pore resistance DR and biotin concentration.

This journal is © The Royal Society of Chemistry 2014
biosensing devices as the small pore size may limit the diffusion
of the larger analyte molecules such as protein and enzymes.
The best performance for the biosensing platform was observed
with nanopore diameters of 20–40 nm with a length of 4–15 mm.
Reduction in nanopore length below 10 mm could reduce
robustness of NPAM biosensor device and increasing nanopore
diameter will also reduce the sensitivity of the system.

4 Conclusion

The impact of pore dimensions and surface chemistry of
nanopore arrays was explored and their application in a non-
faradic impedance nanopore biosensor for the detection of
biological entities such as protein molecules was demonstrated.
A new method for specic functionalization exclusively inside
nanopores was used to achieve the critical effect on electro-
chemical charge transfer by using nanopore array. The results
show that measuring biotin concentrations from 0.2 to 29 mM in
PBS buffer solution can be successfully achieved without using
any labelled marker or signal enhancer redox probe. It was
observed that pore resistance is a key factor to be considered in
the optimization of biosensing performance of non-faradic EIS
nanopore based devices. The values of Rp show a decrease with
the increasing concentration of analyte which is a consequence
of the properties of binding biotin molecules inside the nano-
pores. This behaviour is more signicant within the low
frequency range 1Hz–20 KHz showing the magnitude of the
impedance is affected considerably by the biotin concentration.
However, linearity of sensor signal is limited with concentration
showing typical saturation at higher concentrations of 30 mM
and linear range from 0.2–10 mM. Our results conrmed that
pore dimensions including pore diameters and length have
considerable inuence on biosensing performance. It was
found that lowering pore diameters (<30 nm) provides better
response and sensitivity. However there is a limitation to the
size reduction as sizes comparable to the size of analyte mole-
cules will prevent diffusion molecules inside the pore.
Regarding pore length it was found that longer pores (>10 mm)
are also not favourable for non-faradic EIS detection due to the
higher resistance and long time for diffusion of analyte mole-
cules inside nanopores. Hence it is critical to optimize pore
dimensions to achieve optimal performances of nanopore
based electrochemical biosensing devices. These devices have
considerable potential toward development simple and inex-
pensive sensing devices for broad biomedical applications.
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14 J. A. González, V. López, A. Bautista, E. Otero and
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